The channel boundary conditions along the Lower Yellow River (LYR) have been altered significantly since the 1950s with the continual reinforcement and construction of both main and secondary dykes and river training works. To evaluate how the confined complex channelfloodplain system of the LYR responds to floods, this study presents a detailed investigation of the relationship between the tempo-spatial distribution of sedimentation/erosion and overbank floods occurred in the LYR. For large overbank floods, we found that when the sediment transport coefficient (ratio of sediment concentration of flow to flow discharge) is less than 0.034, the bankfull channel is subject to significant erosion, whereas the main and secondary floodplains both accumulate sediment. The amount of sediment deposited on the main and secondary floodplains is closely related to the ratio of peak discharge to bankfull discharge, volume of water flowing over the floodplains, and sediment concentration of overbank flow, whereas the degree of erosion in the bankfull channel is related to the amount of sediment deposited on the main and secondary floodplains, water volume, and sediment load in flood season. The significant increase in erosion in the bankfull channel is due to the construction of the main and secondary dykes and river training works, which are largely in a wide and narrow alternated pattern along the LYR such that the water flowing over wider floodplains returns to the channel downstream after it drops sediment. For small overbank floods, the bankfull channel is subject to erosion when the sediment transport coefficient is less than 0.028, whereas the amount of sediment deposited on the secondary floodplain is associated closely with the sediment concentration of flow. Over the entire length of the LYR, the situation of erosion in the bankfull channel and sediment deposition on the main and secondary floodplains occurred mainly in the upper reach of the LYR, in which a channel wandering in planform has been well developed.
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With the continual growth in human population and fast urbanization in many parts of the world, land has become much more valuable.
To protect this valuable resource from flood inundation, a lot of river embankment activities have taken place in recent decades. This limits considerably the inundating space of large floods and yet results in much higher sedimentation rates on floodplains and much more complex channel-floodplain interactions (Hudson & Middelkoop, 2015; Newson, 1989; Parker, 1995; Wu et al., 2005) . The Lower Yellow River (LYR) is a typical case of this kind and has been confined to a dykelined course over a length of 786 km. Over the last 70 years, much of the river management effort has been devoted to improving the capacity of flood prevention in the confined channel-floodplain system because the floodplains and riverbed all continued rising until the Xiaolangdi Dam (XLD) started to impound water in 1999 (Wu et al., 2005) . With the continual reinforcement of the main dykes since the 1950s and the construction of the secondary dykes by local farmers since the 1960s, the secondary floodplain has been developed along most reaches of the LYR (Hu, Chen, & Liu, 2006; Hu & Zhang, 2006; Chu, 2014) . These changes in the river channel boundary have made it necessary to categorize overbank floods in the LYR into large and small types in terms of the possible extent of their inundation on the floodplains (Yao, Li, & Zhang, 2007; Zhang, Liu, & Zhang, 2006) . Large overbank floods are those during which floodwater reaches to the main dykes, whereas during small overbank floods, floodwater reaches only as far as the secondary dykes and does not inundate the floodplain beyond the secondary dykes.
To understand the complex channel-floodplain interaction of the LYR, a large number of studies have been conducted, focusing on the spatial distribution of sediment deposition during large floods (Hou, Li, & Wang, 2010; Li, Chen, & Ren, 2011; Liu, Han, & Wu, 1986; Shen, Jiang, Zhang, & Shang, 2006; Yao et al., 2007) . Although significant advances have been made in previous studies, there has been an ongoing debate over the functions of overbank floods in the LYR. Some argued that overbank floods can result in "floodplain deposition and erosion in bankfull channel" (e.g., Qi et al., 2005) and so are helpful to alleviate the present problem of the LYR, in which due to the construction of the secondary dykes, a higher perched river channel has been developed from the already perched river. On the contrary, others claimed that overbank floods do not always result in "floodplain deposition and erosion in bankfull channel," but may bring about sediment deposition not only on the main and secondary floodplains but also in the bankfull channel, which will exacerbate the perched situation of the LYR (e.g., Liu et al., 2009; Zhang et al., 2006) . Typically, since 1986, both water and sediment input into the LYR have reduced dramatically due to the regulation of several large reservoirs constructed in the upper and middle basin and the long-term practice of water and soil conservation in the whole drainage basin. Meanwhile, overbank floods in the LYR occur much less frequently and with much smaller magnitudes than before (Chen, Zhou, & Chen, 2012; Xia, Li, Li, Zhang, & Zong, 2014; Xu, 2004) . Proposals have been made recently for inputting more overbank floods to the LYR through regulating several large reservoirs so as to scour down the riverbed of the LYR and relatively build up higher floodplains (e.g., Hou et al., 2010; Zhang, Huang, & Zhang, 2016) . To clarify the confusion over the effects of overbank floods in the confined complex channel-floodplain system of the LYR, this study presents a detailed investigation of the relationship between the tempo-spatial distribution of sedimentation/erosion and the types of overbank floods occurred in the LYR since the 1950s.
| GEOMORPHOLOGICAL CHARACTERISTICS OF THE LYR
The Yellow River flows into the North China Plain initially in an easterly direction and then follows a northeastern course to the Bohai Sea (part of the Yellow Sea; Figure 1 ). The length of the LYR is 786 km. Over the last 70 years, the riverbed of the LYR has experienced an intermittent rise due to sedimentation with an average rate of 5-100 mm/year and on average, the river bed at present is around 3-5 m higher than the level of the ground outside the main dykes, with some parts of the riverbed even more than 10 m higher than the ground where millions of people are living. This has resulted in a so-called "perched" or "hung" river ( Figure 2 ). The channel of the LYR at bankfull is wide in the upper reach and yet narrows to a considerable degree in the downstream reach, with a gradient steep upstream and gentle downstream. In terms of geomorphic features, the LYR has been divided into three reaches: upper, middle, and lower. The upper reach is 299 km long, upstream of Gaocun gauging station. Two major tributaries enter the Yellow River in this reach, the Qinhe River on the left bank and theYiluohe River on the right bank. The spacing between the opposite main dykes that have been continuously reinforced since the 1950s is 5-20 km in this reach.
This reach exhibits a wandering river planform (Figure 3) , with a very wide and shallow channel at bankfull, in which a meandering streamline and numerous sandbars are subject to frequent migration due to continual sediment deposition (Qian et al., 1987; Qian & Zhou, 1965) .
The middle reach of the LYR, 165 km in length, extends from Gaocun gauging station to Taochengpu cross-profile (35.6 km downstream of Sunkou gauging station). The spacing between the opposite main dykes in the reach is 1.2-8.9 km, and two major tributaries, Tianranwenyanqu canal and the Jindihe River, converge into the left bank of the river. The river in this reach displays a transitional channel planform, varying from a wandering pattern gradually to a much less migrating meandering one. The lower reach of the LYR covers the final 322 km, from Taochengpu cross-profile to Lijin gauging station located at the entrance of the river estuary. The longitudinal slope of this reach is about 0.01%, and the channel at bankfull is relatively narrow and deep. Along most of this reach, the channel at bankfull is relatively stable as it is restricted laterally by tight river training works on both (Figure 3) , only 0.4-5 km apart. A typical meandering channel in planform is taken by the river in this reach (Qian et al., 1987) .
The cross-profiles of the LYR consist of a bankfull channel, a secondary floodplain, which extends from the edge of the bankfull channel to the secondary dykes that have been constructed by local farmers since the 1960s, and a main floodplain lying between the secondary and main dykes, as shown in Figure 2 . The secondary floodplain has been formed by sediment deposited during the migration of the river channel and has a small transverse slope, with little vegetation cover and low flow resistance. The main floodplain of the LYR has been extensively populated at most places (around 180 million in total in the entire LYR), with extensive infrastructure (villages and roads) and large areas of farmland. These factors increase flow resistance to such a degree that the main floodplain has a smaller capacity for flow discharging than the secondary floodplain and the bankfull channel.
Before the early 1960s, there were few river training works along the LYR. However, after the Sanmenxia Dam was constructed in 1960, there have been major changes in flow-sediment regime into the LYR, typically a marked decrease in sediment supply during [1960] [1961] [1962] due to the water impoundment of the Sanmenxia Reservoir, resulting in extensive bank erosion in the LYR (Ma et al., 2012) . This led to a rapid construction of river control projects along the LYR in the late 1960s, and river training works continue to be constructed until today, although by 2000, most of the works were practically completed. At the same time, in order to protect their homes and farmland, residents in the main floodplain have continually constructed small dykes on the two sides of the bankfull channel, forming a complex channelfloodplain system that constitutes two levels of floodplain along the LYR. In addition to the main dykes, the river training works and the secondary dykes have also played a role in controlling overbank floods to a considerable degree (Hu & Zhang, 2006; Wu et al., 2005; Zhang et al., 2016) . 
| Research methods
The amount of erosion or sediment deposition in the LYR has been calculated using a sediment discharge method or a cross-profile method.
The former examines the difference between sediment input at an Hence, the cross-profile method calculates the volume of erosion or deposition between two adjacent cross-profiles, ΔV, in the form of
where ΔS z,1 is the area difference of Cross-profile 1 during flood season, ΔS z,2 is the area difference of Cross-profile 2 adjacent to Cross-profile 1 during flood season, and L is the distance between the two adjacent cross-profiles. Shen et al. (2006) suggested that there were systematic differences between the results of erosion and/or sedimentation distributed in the complex channel-floodplain system of the LYR calculated using the cross-profile and the sediment discharge methods. They showed parts of the entire cross-profile. As a result, the sediment discharge method has been used to calculate the total amount of erosion/deposition for each flood and the results were then adjusted using a coefficient of modification for sediment discharge (K). As detailed by Li and Long (1994) , the coefficient K is defined as the ratio of Q smep to Q sm , in which Q smep is the total sediment discharge calculated by the "Modified Einstein Procedure" and Q sm is the measured sediment discharge. Because the coefficient K is correlated with the sediment concentration of flow, it was whitened by a whitening function and the whitened K value was multiplied by Q sm to obtain the modified sediment discharge Q smod (Li and Long, 1994) . Previous studies on the fluvial process of the LYR have shown in many occasions that the sediment transport coefficient C/Q, or the ratio of sediment concentration of flow to flow discharge, is a good indicator of the regime of water and sediment transported Qian & Zhou, 1965; Xu, 2004) . Hence, this coefficient is used in this study as a key parameter to understand the erosion and sedimentation dynamics of large floods in the complex channel-floodplain system of the LYR.
Sediment transport in the LYR occurs mainly in flood periods and the distribution of sedimentation over the floodplains and the bankfull channel differs from one flood to another. To evaluate the differences in the distribution, overbank floods in the LYR have been divided into two types, large and small, using two methods. The first method is based on the extent of water inundation (Yao et al., 2007) . According to this method, large overbank floods are those in which water can flow over the top of the secondary dykes and reaches up to the main dykes, whereas small overbank floods reach only as far as the secondary dykes ( Figure 2 ).
The second method is based on the ratio of peak discharge Q max to bankfull discharge Q p . In this method, large overbank floods are defined as those during which peak discharge (Q max ) is larger than 1.5 times bankfull discharge (Q p ), or Q max /Q p > 1.5, whereas small overbank floods are those during which peak discharge is 1.0-1.5 times bankfull discharge, 1.0 < Q max /Q p ≤ 1. 
| CHANGES IN RUNOFF, SEDIMENT LOAD, AND FLOODS

| Changes in runoff and sediment load
The runoff of most Chinese rivers has been decreasing in recent years, and the LYR is no exception (Ma et al., 2012; Xu, 2004; Zhang et al., 2016) . Figure 5 presents the annual runoff and annual suspended 
| Types of overbank floods
Different overbank floods have different capacities to shape the channel and the floodplains of the LYR. Although large overbank floods cause serious problems to floodplain users and flood-protecting agents, they mostly result in erosion in the channel and deposition on the floodplains, which leads to a net increase in the discharging capacity of the channel. Indeed, there is a saying of "large floods often form good channels" in China (Qian et al., 1987) . For example, the LYR overbank flood occurred in July 1958 resulted in 10.7 × 10 8 tonnes of floodplain deposition and 8.6 × 10 8 tonnes of erosion in the bankfull channel (Qian & Zhou, 1965) (Table 1 ) and 31 small overbank floods (Table 2) .
It can be noticed in Table 1 The flood occurred at Huayuankou station in August 1977 was exceptional. The significant characteristic of this flood was its high sed- human activities (Zhou et al., 2015) .
There are four floods that are classified as small overbank floods in this study even though the ratios of their peak discharges to bankfull discharges are larger than 1.5, occurring, respectively, in 1959, 1973, 1992, and 1994 (Table 2) 
where C sn is the amount of floodplain deposition (10 8 Figure 7f shows the relationship between the erosion in the bankfull channel and the integrated factor. It can be noticed clearly from Figure 7f that the higher the integrated factor, the more erosion in the bankfull channel. In addition, the volume of water and the amount of sediment in the flood season also influence the erosion in the bankfull channel to a degree. By integrating the effects of these factors together, the following formula can be obtained:
where C sp is the amount of erosion in the bankfull channel (10 8 Table 4 shows the calculated erosion and deposition distribution on the main and secondary floodplains. It can be noticed that most deposition is concentrated on the secondary floodplain, with little deposition on the main floodplain. With the data presented in Table 4 , the relationship between the bankfull channel erosion, floodplain deposition, and the sediment transport coefficient (C/Q), is shown in Figure 8 . When the sediment transport coefficient is below 0.028, erosion occurs in the bankfull channel, but when the sediment transport coefficient is above 0.028, the bankfull channel and the secondary floodplain are both depositional (Figure 8a ). Noticeably in Figure 8a , the larger the sediment transport coefficient (C/Q), the smaller the amount of erosion in the bankfull channel and a log function appears more suitable to describe the relationship. In addition, water volume appears another key factor because the erosion in the bankfull channel increases generally with an increase in water volume. By integrating the effects of the two factors, the best-fit equation for the quantity of erosion occurred in the bankfull channel can be determined by:
where C sp is the amount of erosion in the bankfull channel (10 8 tonnes)
and C/Q is the sediment transport coefficient (kg·s·m −6 ).
In comparison with large overbank floods, the extent of floodplain sedimentation during small overbank floods is much smaller because almost no or much less water and sediment entered the main floodplain during small overbank floods. Importantly, the sediment concentration of flow appears a key factor affecting floodplain sedimentation during small overbank floods (Figure 8b ) and the best fit equation for the relationship is found to take a form of
where C sn is the amount of floodplain deposition (10 8 tonnes).
Large and small overbank floods have different sedimentation patterns. It can be seen from Figure 9 that the percentage of deposition on the main floodplain is about 42% during large overbank floods, but only 12% during small overbank floods. The distribution of sedimentation is also different, with 50% of the sedimentation taking place between the main and secondary dykes during large overbank floods, whereas most of the sedimentation occurs between the edges of the bankfull channel and the secondary dykes, or the secondary floodplain, during small overbank floods. and gc-sk (Gaocun to Sunkou station), accounting for 57%; 61%; 92%; 225% (some sedimentation); 1,170% (some sedimentation), and 57% of the total erosion respectively in 1975 , 1976 , 1977 , 1982 , 1988 , and 1996 ).
Floodplain deposition along the LYR during small overbank floods is also concentrated in the reaches upstream of Sunkou station as shown in Figure 12 , accounting for 94% of the total floodplain deposition. The secondary floodplain deposition took 78% of the total floodplain deposition, and so only a small proportion was deposited on the main floodplain (Figure 12a ). The bankfull channel is subject to erosion only during some small overbank floods, occurring mostly in the reaches upstream of Sunkou station (Figure 12b ). The main reason Table 6 . In this period, 501 × 10 8 m 3 of sediment was FIGURE 13 Distance between dykes on the opposite sides of the Lower Yellow River (abbreviated reach names are given in the caption of Figure 11 ) The full names of the reaches are given in the caption of Figure 11 . The full names of the reaches are given in the caption of Figure 11 .
the bankfull channel when the sediment transport coefficient 
